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mutation is not an entirely random process (Betz et al.,
1993), there are many possible phenotypic outcomes of
its action. Mutations that disrupt the structural integritySummary
of the V region are apparently lost (Manser et al, 1987b,
Shlomchik et al., 1989). Mutations that increase affinityWe analyzed the participation of a predominant B cell
for the eliciting foreign antigen are strongly selectedclonotype in the anti-arsonate immune response of
(Berek and Milstein, 1987; Sharon et al., 1989; Weissmice in which Bcl-2 expression was enforced in B cells.
and Rajewsky, 1990). The fate of mutations that result inMany of the antibodies expressed by the arsonate-
autoreactivity is less clear. Primary B cells that expressinduced memory compartment of these mice were
ªbenignly autoreactiveº V regions not subject to central
ªdual-reactive,º displaying increased affinity acquired
tolerance mechanisms might gain high affinity for their
via V region somatic hypermutation for both arsonate cognate self-antigens via mutation, if recruited by a for-
and the autoantigen DNA. The hypermutated antibod- eign antigen into the GC pathway. However, B cells that
ies expressed by the anti-arsonate memory B cell express highly autoreactive V regions apparently do not
compartment of normal mice have increased affinity enter the memory compartment in healthy individuals
for arsonate but lack measurable affinity for DNA. (Naparstek et al., 1986; Borrentzen et al., 1994).
Thus, interference with apoptotic pathways allows de- The problem of peripheral B cell tolerance is often
veloping memory B cells that have acquired autoreac- theoretically dealt with by assuming that because the
tivity to bypass a peripheral tolerance checkpoint. T cell compartment is subjected to stringent central
These data demonstrate that both positive and nega- tolerance mechanisms, autoreactive B cells will fail to
tive selection, working in concert with V gene somatic be stimulated due to a lack of T cells specific for the
hypermutation, result in the ªspecificity maturationº same autoantigen (Nossal, 1994). This logic does not
of the antibody response. hold when a foreign antigen contains a B cell epitope
to which an anti-self±B cell is cross-reactive or when a
B cell epitope is contained on a self-antigen that in turnIntroduction
is bound to a foreign antigen (e.g., a foreign antigen±self-
antibody complex) or to an antigen to which T cell toler-It is now clear that all autoreactivity, particularly in the
ance has not been induced (e.g., a DNA transcription±B cell compartment, cannot be regulated as suggested
factor complex) (Parker and Eynon, 1991; Krishnan andby Burnet's ªforbidden cloneº corollary to the clonal selec-
Marion, 1993; Moens et al., 1995).tion hypothesis (Burnet, 1957). Indeed, some autoreac-
Entry of autoreactive Bcells into the memory compart-tive Bcells probably serve usefulphysiological functions
ment could have dire consequences. Memory B cells(Grabar, 1983; Avrameas and Ternynck, 1993). In addi-
differ fundamentally from their naive counterparts intion, clonal deletion of lymphocytes with any degree of
their expression of stable IgG or IgA isotypes, ease ofautoreactivity would yield no antiforeign antigen reper-
activation and larger ªburst size,º ability to be activatedtoire, because antigen receptors cannot be monospe-
by cross-reactive epitopes, and body-wide recircula-cific. Data from transgenic mouse studies have revealed
tion patterns (Linton and Klinman, 1992). Once formed,that deletion of certain autoreactive B cells takes place
memory B cells appear highly resistant to experimentalin the bone marrow (Nemazee, 1993; Chen et al., 1995;
tolerance induction (Linton et al., 1991). These charac-Goodnow et al., 1995). However, this central deletion
teristics would contribute to a highly destructive auto-process does not purge the B cell compartment of auto-
immune response should an autospecific memory B cell
reactivity, because a major fraction of peripheral B cells
clone become activated. For these reasons, it has been
express antibodies that bind to a variety of self-antigens
proposed that a peripheral tolerance mechanism must
(Avrameas and Ternynck, 1993). Moreover, recent evi- exist that operates on B cells undergoing the mutation-
dence suggests that clones expressing antibodies with selection process leading to memory (Linton et al, 1991;
significant affinity for both foreign and autoantigens are Pulendran et al., 1997). Indeed, B cells present in GCs
resident in the peripheral B cell compartment of nonau- express low levels of Bcl-2, high levels of Fas, and are
toimmune mice (Limpanasithikul et al., 1995). extremely sensitive to apoptotic stimuli (MacLennan,
Another formidable complication in maintaining B cell 1994; Thorbecke et al., 1994; Han et al., 1995; Pulendran
tolerance arises due to the somatic alteration of anti- et al., 1995; Shokat and Goodnow, 1995), addingsupport
body V genes via hypermutation during T cell±depen- to this idea. It has been suggested the subversion of
dent (TD) immune responses. The process of hypermu- such B cell peripheral tolerance mechanisms underlies
the development of systemic autoimmune disease (Dia-
mond et al., 1992). To test the hypothesis that a periph-*To whom correspondence should be addressed (e-mail: manser@
lac.jci.tju.edu). eral tolerance mechanism operative on B cells in the
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mutation-selection pathway leading to memory exists somatic hypermutation, the canonical VH genes ex-
pressed by several such GCs were recovered via micro-and to gain insight into its mechanism, we have studied
the immune response to p-azophenylarsonate (Ars) in dissection/polymerase chain reaction (PCR) techniques.
Figure 1 shows the sequences of VH genes obtainedstrain A mice in which the antiapoptotic protein Bcl-2
is constitutively expressed in the B cell compartment. from 3 E41 primary GCs, revealing that mutated forms of
the canonical VHIdCR, DFL16.1, and JH2 gene segments
encode these genes. The frequency of somatic muta-
Results tions in these genes is similar to what we have observed
among canonical VH genes expressed by hybridomas
To obtain a line of strain A mice with enforced expression and canonical VH genes recovered from E41 GCs from
of Bcl-2 predominantly in the B cell compartment, the the late primary response of A/J mice (unpublished
M23 Bcl-2 transgenic line (McDonnell et al., 1989) was data). The VH gene recovered from a GC of one mouse
crossed to A/J mice, and the transgene then back- (4Bcl-54) contained the somatic mutation Thr58→Ile,
crossed to the A/J strain for four or more generations. previously shown to increase affinity for Ars (Sharon et
The M23 transgene contains a human Bcl-2-Ig fusion al., 1989). In total, the serological, immunohistochemi-
ªminigene,º allowing expression of transgene-encoded cal, and GC PCR analyses strongly suggest that en-
Bcl-2 protein to be unambiguously evaluated. Immuno- forced Bcl-2 expression does not alter the somatic hy-
histochemical staining of frozen spleen sections from permutation process or the microenvironmental locales
A.Bcl-2 mice revealed that human Bcl-2 is expressed in which canonical anti-Ars clonotypes undergo primary
predominantly in the splenic B cell follicles, including antigen-driven proliferation and differentiation, but it
GCs, with more scattered expression in other regions does somewhat increase the magnitude of the AFC re-
such as the periarteriolar lymphoid sheath and red pulp sponse and reduces the level of apoptosis in GCs.
(data not shown). To evaluate how positive and negative selection
During the anti-Ars response of A/J mice, a single B events might be altered during the maturation of the
cell clonotype becomes predominant. Prior to hypermu- anti-Ars response in A.Bcl-2 mice, we used a hybridoma
tation, the antibody V regions expressed by members approach. Splenic B cell hybridomas were generated
of this clonotype differ at only single amino acid residues from A.Bcl-2 mice during primary, secondary, and ter-
encoded at the junctions of the VH-D and D-JH gene tiary anti-Ars responses. Because previous studies had
segments (Manser et al., 1987a, Wysocki et al., 1987, shown that some unmutated canonical antibodies have
Rathbun et al., 1989). The monoclonal anti-idiotypic anti- low affinity for the autoantigen DNA (Naparstek et al.,
body E4 specifically recognizes such V regions, which 1986), the hybridomas were initially screened for the
we term ªcanonical.º production of E41 monoclonal antibodies (mAbs) that
Enforced expression of Bcl-2 in the B cell compart- bound native (double-stranded [ds]) or denatured (sin-
ment might perturb many aspects of antigen-driven B gle-stranded [ss]) DNA. Hybridomas that produced E41
cell differentiation. However, we found that Ars-keyhole mAbs were rare in primary fusions (as is also the case
limpet hemocyanin (KLH)±immunized A.Bcl-2 mice ex- in primary fusions using A/J mice), making detailed eval-
press levels of E41 serum antibody during the primary uation of the frequency of those that produced DNA-
response that are similar to, and after secondary and binding mAbs impossible. In contrast, numerous E41,
tertiary immunization only slightly higher than, transgene DNA1 hybridomas were isolated from secondary and
negative littermates (data not shown). Moreover, immu- tertiary fusions. The majority of such hybridomas ex-
nohistochemical analysis of spleens taken from several pressed IgGs,and all produced Ars-binding mAbs.Table
Ars-immunized A.Bcl-2 mice at various times during the 2 shows that from 11 A.Bcl-2 mice, a total of 244 E41
primary response revealed a frequency, kinetics of ap- secondary and tertiary hybridomas were isolated, 33
pearance, and size of Ars1, E41 GCs that did not differ produced mAbs that bound dsDNA (13.5%), and 61 pro-
noticeably from what we have observed in the spleens of duced mAbs that bound ssDNA (25%; all anti-dsDNA
A/J mice (Vora et al., 1998). As expected from a previous mAbs also bound ssDNA).
study demonstrating that the antibody-forming cell The sequences of the VH and Vk genes encoding 26
(AFC) response is prolonged by enforced Bcl-2 ex- representative hybridomas expressing Ars-dsDNA ªdual-
pression (Smith et al., 1994), the frequency of brightly reactiveº IgG mAbs isolated from seven A.Bcl-2 mice
staining E41 cells in the red pulp adjacent to E41 GCs were determined. All were found to be composed of
(presumably AFCs) appeared increased in the A.Bcl-2 the single combination of V gene segments previously
spleens as compared to those of A/J mice (data not shown to encode canonical anti-Ars antibodies (Manser
shown), probably explaining the somewhat elevated E41 et al., 1987a, Wysocki et al., 1987, Rathbun et al., 1989).
serum antibody levels eventually produced by A.Bcl-2 The Vk sequences displayed levels of somatic mutation
mice. In addition, Table 1 shows that histochemical anal- similar to the VH sequences, and all contained the invari-
ysis of apoptotic nuclei in splenic GCs 12±14 days after ant Jk1 segment and invariant Arg V-J junctional amino
Ars immunization using the terminal deoxynucleotidyl acid characteristic of canonical V regions (data not
transferase±mediated dUTP-biotin nick end labeling shown). The VH sequences are shown in Figure 2. Analy-
assay revealed a significantly reduced frequency of such sis of the nucleotides present at the VH-D and D-JH
nuclei in the GCs of A.Bcl-2 mice as compared to junctions (often resulting from P and N region addition)
transgene negative littermates. indicated that 16 independent canonical clones are rep-
To determine if the B cells present in E41 GCs of resented by the 26 V region sequences. The frequencies
of particular amino acids encoded at these junctionsA.Bcl-2 mice were accumulating normal levels of V gene
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Table 1. Frequency of Apoptotic Nuclei in Splenic GCs of A.Bcl-2 (Tg1) and Control Littermates (Tg2) at Various Times after Primary
Immunization with Ars-KLH
Number of Apoptotic Nuclei (SD):
Small GCsa Medium GCs Large GCs
Time
(Days) Tg1 Tg2 Tg1 Tg2 Tg1 Tg2
12 10.5 (8.43) 26.6 (14.98) 13.1 (9.76) 23.6 (14.98) 37.3 (26.80) 54.8 (19.09)
3.09b 2.07 1.66
13 9.9 (6.42) 30.8 (16.13) 6.92 (5.00) 37.4 (21.97) 21.8 (12.57) 44.3 (17.23)
2.93 4.68 3.13
14 11.9 (8.91) 16.2 (14.30) 10.5 (7.20) 22.7 (12.41) 16.5 (7.37) 52.1 (33.32)
0.66 2.69 3.76
Data were obtained from two spleen sections, at least 30 sections apart, from two A.Bcl-2 mice and one control littermate at each time point.
Apoptotic nuclei were stained as described in Experimental Procedures, and such nuclei were counted in at least 20 GCs per mouse.
a Small, 10±29 cell diameters; medium, 30±39 cell diameters; large, $401 cell diameters.
b Student t test values for the difference between Tg1 and Tg2 data at the 90% confidence interval.
did not noticeably differ from those previously observed To measure the intrinsic affinities of these dual-reac-
tive antibodies for Ars and their relative affinities foramong canonical V regions expressed by hybridomas
derived from Ars-immunized A/J mice (Manser, 1990), DNA, fluorescence quenching and anti-DNA enzyme-
linked immunosorbent assays (ELISA) were performedindicating that enforced Bcl-2 expression did not alter
the representation of particular junctional variants of the on purified antibodies, respectively. Table 3 shows that
all of the dual-reactive antibodies had Kas for Ars-tyro-canonical clonotype in the B cell compartment either
prior toor during the Arsresponse. The overall frequency sine that were greater than 106 M21, and the average
affinity of these mAbs was 5.4 3 106 M21, more than 10-and chemical nature of mutations are similar to that
previously observed for secondary and tertiary E41 hy- fold higher than the affinity characteristic of unmutated
canonical V regions, as represented by mAb 36-65. Suchbridomas obtained from A/J mice (Manser, 1991). Most
of the VH sequences reveal amino acid changes due to a 10-fold increase in affinity is characteristic of affinity-
matured, canonical V regions isolated from Ars-immu-somatic mutation at VH complementarity determining
region 2 (CDR2) positions 58, 59, or both. The Thr58→Ile nized A/J mice (Manser et al., 1987a; Manser, 1989).
Among a panel of 18 unmutated IgG canonical anti-and Lys59→Thr mutations have been shown to result
in increased affinity for Ars (Sharon et al., 1989). One of bodies all with different combinations of VH-D and D-JH
junctional amino acids (Parhami-Seren and Margolies,the hybridomas (14-35A1) expresses a canonical VH
gene with an unusual somatic mutation in CDR2 re- 1996), 7 were found to measurably bind ssDNA, but only
the 36-65 mAb weakly bound dsDNA (36-65 also boundsulting in an insertion of four amino acids.
Figure 1. Amino Acid Sequences of VH Regions Expressed in E4 Positive Germinal Centers from A.Bcl-2 Mice
Sections of three E4 positive splenic germinal centers in the spleens of two A.Bcl-2 mice at day 13 after primary Ars-KLH immunization were
microdissected and canonical VH genes recovered by PCR and sequenced as described in Experimental Procedures. The inferred amino acid
sequences of these VH genes are shown and compared to the canonical V region sequence. Amino acid positions are numbered sequentially
from the mature amino terminus. The variable junctional amino acids present in the canonical V region sequence are indicated with an X.
Amino acid identity is indicated by a dashed line in regions of the sequences with several somatic mutations. In these regions, amino acid
differences are shown explicitly. Regions containing fewer somatic mutations are shown in condensed form, in which only the germline
encoded and mutant amino acids are shown, and intervening regions are indicated by dots. Amino acids that could not be unequivocally
identified are indicated by a blank space.
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from the littermates was similar to the A.Bcl-2 mice andTable 2. Types of Hybridomas Obtained from Individual
that the frequency of such hybridomas followed a Pois-Ars-immunized A.Bcl-2 Mice and Control Littermates
son distribution, the probabilities of isolating only one
Number Number of Number of
anti-ssDNA hybridoma and no anti-dsDNA hybridomasMouse of E41 E41, dsDNA1 E41, ssDNA1
from a sample of 30 would be 0.002 and 0.02, respec-Name Hybridomas Hybridomas Hybridomas
tively.
4BCL2-6a 3 2 2 To investigate whether canonical dual-reactive B cell
4BCL2-7a 1 1 1
clones produced IgG serum anti-DNA antibody during4BCL2-11 15 2 12
the anti-Ars response, we determined whether bulk se-4BCL2-14 48 16 19
4BCL2-23b 53 8 8 rum anti-ssDNA and anti-dsDNA IgG antibody titers
4BCL2-24b 20 2 2 were elevated in Ars-immunized A.Bcl-2 mice as com-
4BCL2-26 37 0 0 pared to transgene-negative littermate controls. Figure
4BCL2-59 1 0 0 4A shows that this was not the case after secondary
4BCL2-64 51 2 17
immunization. After primary immunization these levels5BCL2-9 5 0 0
also did not differ, but after tertiary immunization the5BCL2-10 10 0 0
Totals 244 33 (13.5%) 61 (25%)c levels of anti-DNA antibodies were elevated 2- to 3-fold
in the A.Bcl-2 mice, but so too were the levels of anti-4BCL2-63d 18 0 0
Ars antibody and total serum Ig (data not shown). This is4BCL2-65d 15 0 1
Totals 33 0 1 (3%) consistent with previous studies of M23Bcl-2 transgenic
mice showing that these mice display mild hypergam-All E41 hybridomas produced Ars-binding mAbs, and all screening
maglobulinemia with age (McDonnell et al, 1989).results were confirmed using subcloned cell lines.
a Tertiary fusions. Because it was possible that dual-reactive antibodies
b Screened for dsDNA binding only. constituted a rather minor component of the total anti-
c A minimum estimate because 73 E41 hybridomas from two fusions Ars antibody produced in A.Bcl-2 mice, we affinity-puri-
were not screened for ssDNA binding activity. fied secondary E41 serum antibodies from Ars-immu-d Transgene-negative littermate controls.
nized A.Bcl-2 mice and control littermates. The E4 and
Ars-binding antibody activities of these two subpopula-
tions of antibodies were found to be similar (data not
most strongly to ssDNA [data not shown]). Therefore, shown), and Figure 4B shows that their ssDNA-binding
this mAb was used as a control for the upper limit of antibody activity also did not measurably differ. These
canonical antibody±DNA binding in the absence of so- results contrast with the data presented in Table 1 and
matic mutation. Another unmutated IgG canonical mAb, discussed above, showing that whereas E41, anti-
116R, did not displaydetectable binding to either ssDNA ssDNA dual-reactive hybridomas are extremely rare in
or dsDNA and was used as a negative control. As a secondary fusions from normal strain A mice, these hy-
representative of a bona fide anti-DNA autoantibody, bridomas make up an average of 25% of the E41 sec-
which mediates tolerance induction when expressed in ondary hybridomas isolated from A.Bcl-2 mice.
vivo (Erikson et al., 1991), the previously characterized
3H9 IgG mAb (Shlomchik et al., 1987), obtained from a
diseased MRL lpr/lpr mouse, was used. Figure 3 shows Discussion
that all but two of the dual-reactive mAbs gave rise to
strong ELISA signals at relatively low concentrations, Based on our previous observations that ex vivo muta-
genesis of canonical V regions often resulted in simulta-and several appeared to bind DNA as well or better than
3H9. It should be noted that all of the mAbs obtained neous increases in affinity for Ars and DNA (Casson and
Manser, 1995) and that Ars-DNA dual-reactive antibod-from A.Bcl-2 mouse 14 (14-2D8→14-35A1) tested bound
well to DNA. Seven of the hybridomas producing these ies were not expressed by the anti-Ars memory B cell
compartment (Naparstek et al. 1986), we proposed thatmAb appeared to have been derived from the same B
cell clone (as indicated by identical V-D and D-J junc- the driving force behind maturation of the B cell re-
sponse was not affinity for antigen alone but specificitytional sequences and shared somatic mutations), indi-
cating that significant clonal expansion took place in for antigen. This logic implied the existence of a periph-
eral tolerance checkpoint that prevents B cells that havethis dual-reactive canonical clone prior to fusion.
Previously, we had shown that among a panel of 18 acquired affinity for autoantigens via hypermutation
from entering the long-lived memory compartment, asmAbs obtained from secondary anti-Ars responses of
A/J mice only a few weakly bound ssDNA (Naparstek had been suggested by others (Linton et al., 1991; Good-
now et al., 1995; Pulendran et al., 1997). The data pre-et al., 1986). We confirmed and extended this observa-
tion by surveying 14 more IgG canonical mAbs obtained sented here provide strong evidence for such a check-
point and imply that apoptotic pathways are involved infrom secondary anti-Ars responses that were derived
from 12 different B cell clones. None was found to bind its mechanism of action.
Most aspects of maturation of the anti-Ars responsedetectably to either ssDNA or dsDNA (data not shown).
In addition, two secondary fusions performed on Ars- were not measurably altered in A.Bcl-2 mice. Partic-
ipation of canonical anti-Ars clonotypes in the GC re-immunized A.Bcl-2 transgene negative littermates yielded
30 E41 hybridomas. Only one produced a mAb that sponse and their affinity maturation appeared essen-
tially normal, suggesting that Bcl-2 did not perturb thebound ssDNA and none produced dsDNA-binding mAbs
(Table 1). Assuming that the actual frequency of dual- mechanismsor regulation of somatic hypermutation and
positive selection of antibody mutants with increasedreactive hybridomas among E41 hybridomas isolated
Bcl-2 Obstructs Antibody Specificity Maturation
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Figure 2. Sequences of the VH Regions of Dual-Reactive Canonical mAbs
These sequences were determined as described in Experimental Procedures and are shown in translated form as compared to the unmutated,
canonical consensus VH sequence. Amino acids are numbered sequentially from the mature amino terminus. The two amino acid residues
that vary among canonical antibodies at the V-D and D-J junctions are indicated with an X. Amino acid identity is indicated by a dash.
Differences are shown explicitly. Positions in which the amino acid codon was ambiguous are indicated by a blank space. The heavy-chain
isotype of each of the mAbs is indicated at the end of each sequence. Note that at positions 58 and 59, mutations are recurrently observed
among mAbs derived from different mice and different B cell clones (indicated by unique junctional amino acids). In the VH region of hybridoma
14-35A1, an unusual somatic mutation is present resulting in an insertion of four amino acid codons between positions 57 and 58 (site of
insertion indicated by an asterisk and inserted amino acid sequence shown above the asterisk). The presence of this sequence in the genomic
VH gene of hybridoma 14-35A1 was verified by PCR and direct sequencing from genomic DNA. Sequences obtained from different mice are
separated by solid lines.
affinity. In total, our data are consistent with a previous splenic B cells with a memory phenotype that were pro-
duced after immunization of another line of Bcl-2 trans-study indicating that although the AFC response in Bcl-2
transgenic mice may be prolonged, many aspects of genic mice was 10-fold elevated as compared to con-
trols, but the levels of such B cells in both types of micethe antigen-driven stages of TD B cell differentiation are
grossly unaffected (Smith et al., 1994). In this regard, decayed with similar long-term kinetics. Because the
repression of Bcl-2 characteristic of GC B cell differenti-however, it is possible that some of the hybridomas we
isolated were not derived from true memory B cells but ation (MacLennan, 1994; Thorbecke et al., 1994) may
be necessary to allow the mutation-selection peripheralfrom primary AFCs that were unusually long-lived due
to their constitutive expression of Bcl-2. Neverthe- tolerance checkpoint to operate, interference with this
checkpoint due to enforced Bcl-2 expression may dra-less, most of the dual-reactive hybridomas we isolated
expressed heavily somatically mutated, isotype class± matically enhancememory cell production. Our previous
data (Casson and Manser, 1995, Hande and Manser,switched, and Ars-affinity matured mAbs. These charac-
teristics are hallmarks of the GC/memory B cell differen- 1998) and the data presented here indicate canonical V
regions often acquire the dual-reactive phenotype viatiation pathway.
A previous study documented that B cell memory hypermutation. Therefore, allowing canonical dual-reac-
tive B cell clonotypes to progress to memory cell pheno-contained in the bulk high-density splenic B cell com-
partment of M23 Bcl-2 transgenic mice persisted for type would be predicted to significantly increase the
size of the anti-Ars memory B cell pool. Further experi-longer periods in the absence of cognate antigen than
in controls (Nunez et al., 1991). A subsequent study by ments will be required to test this idea and to determine
whether the frequency of dual-reactive V regions is ele-Smith et al. (1994) provided an explanation for these
observations. In this study the absolute number of vated in the GCs of A.Bcl-2 mice during the primary
Immunity
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It also must be considered that the effect of Bcl-2Table 3. Affinities of Purified Dual-Reactive Antibodies for
expression on the peripheral tolerance checkpoint isArs-Tyr
indirect, resulting from reduced autoantigen availability.
mAb Names Ka for Ars-Tyr (M21)a The autoantigen in our experiments, DNA, would pre-
Unmutated canonical sumably be present extracellularly in the GCs of normal
(36-65) 3.7 3 105 mice due to the extensive apoptosis that takes place in
Secondary this microenvironment (MacLennan, 1994; Thorbecke et
14-36E1 6 3 106, 5.3 3 106 al., 1994). The generation of this extracellular DNA might
14-37A1 1.5 3 106, 2.5 3 106, 3.1 3 106 be reduced due to Bcl-2 expression. Indeed, Table 1
14-41A10 4.8 3 106, 7 3 106, 7.6 3 106
shows that the splenic GCs of A.Bcl-2 mice contained14-9F3 6.2 3 106, 5 3 106, 4.6 3 106
significantly reduced levels of apoptotic nuclei as com-14-30E4 5.1 3 106, 4.9 3 106
pared to control littermates. Thus, it will be important14-3E12 5.3 3 106, 4 3 106
14-29A1 1.3 3 106, 2.2 3 106 in the future to determine whether Bcl-2 alters the entry
14-32A3 7.2 3 106, 5.6 3 106 of dual-reactive B cells into the memory compartment
14-35A1 1.1 3 106, 1.1 3 106 whose levels of ªcognate autoantigenº are not depen-
11-9A12 5.6 3 106, 4.8 3 106
dent on apoptosis.23-52D4 1.3 3 107, 1.2 3 107
Analysis of the sequences of Ars-dsDNA dual-reactive24-5E1 2.1 3 106, 1.8 3 106
V regions revealed an overall pattern of somatic muta-64-16G1 4.1 3 106, 4.1 3 106
64-32E4 8.9 3 106, 6.3 3 106 tion that does not overtly differ from that observed in
the V regions isolated from the memory compartmentTertiary
of A/J mice. A striking exception was the 14-35A1 mAb,6-3B3 1.5 3 107, 1.2 3 107
6-2-F11 3.5 3 106, 3.3 3 106 which contains an insertion of four amino acids, includ-
7-1F1 7.1 3 106, 6 3 106, 4.6 3 106 ing two lysines, in VH CDR2. This mAb is one of the
strongest DNA-binding dual-reactive antibodies thata Multiple Ka values were each obtained from an independent exper-
iment. was isolated. The DNA reactivity of autoantibodies iso-
lated from autoimmune mice and humans has often
been attributed, in part, to VH CDR amino acid residues
anti-Ars response, as would be predicted if this site of such as Arg, Lys, and Asn, introduced via either unusual
memory B cell genesis is also the site of action of the
V-D-J recombination events or somatic hypermutation
mutation-selection peripheral tolerance checkpoint. (Shlomchik et al., 1987; 1990; Marion et al., 1992; Eilat
The mechanism of this checkpoint and how Bcl-2
and Anderson; 1994; Radic and Weigert, 1994). The fre-
interferes with its action remain to be elucidated. This
quency of VH Arg residues (shown in bold in Figure 2) ininterference does not appear to result from alterations
our dual-reactive VH regions is much higher than amongin the microenviromental locale of B cell activation and
secondary anti-Ars V regions from normal mice (of 132differentiation as can occur in autoimmune mice and
mutations in the 26 dual-reactive VH regions, 9 were tohumans (Jacobson et al., 1995; Schroder et al., 1996),
Arg, whereas among 401 mutations in 83 previouslybecause our immunohistochemical analyses revealed
characterized secondary anti-Ars VH regions from nor-essentially normal splenic architecture and that E41
mal mice, none was to Arg).cells were present nearly exclusively in GCs and the red
Although several of the dual-reactive antibodies dis-pulp during the primary response, as expected. Several
played relative DNA binding that was as good as orgroups have shown that injection of a bolus of soluble
better than the bona fide autoantibody 3H9, many didantigen after initiation of the GC response leads to rapid
not. In this regard, however, in the absence of selectioninduction of apoptosis in a large percentage of antigen-
for or against mutations that increase affinity for DNA,specific GC B cells (Hu et al., 1995; Pulendran et al.,
the frequency of such mutations should be governed1995; Shokat and Goodnow, 1995). Whether this effect
by the hypermutation process alone. In contrast, in dis-is a manifestation of the same peripheral tolerance path-
eased autoimmune individuals, positive selection for en-way responsible for deletion of autoreactive somatic
hanced autoantigen binding clearly takes place, dramat-mutants that arise during the GC reaction is uncertain.
ically increasing the frequency of particular V regionsHowever, enforced expression of Bcl-2 was found to
and somatic mutations within them (Shlomchik et al.,be insufficient to block intra-GC apoptosis induced by
1987; 1990; Diamond et al., 1992; Marion et al., 1992;injection of an antigen bolus (Pulendran et al., 1995;
Eilat and Anderson, 1994; Radic and Weigert, 1994).Shokat and Goodnow, 1995).
Enforced expression of Bcl-2 in the B cell compartmentThe peripheral tolerance checkpoint could operate via
has been reported to predispose mice to the develop-passive or active removal of autoreactive V regions from
ment of systemic autoimmune disease on some strainthe responding B cell population. Passive removal might
backgrounds but not on others (Strasser et al., 1991).result simply as a manifestation of positive selection,
This is consistent with systemic autoimmune diseasesince the interaction of a dual-reactive B cell antigen
being subject to multigene control (Vyse and Todd,receptor with self-antigen would block the binding of
1996), the genes involved in the mutation-selection pe-the foreign antigen driving the response. Alternatively,
ripheral tolerance checkpoint representing only a subsetB cells that engaged autoantigenmight be actively regu-
of these genes.lated, either due to altered signaling in the absence of
Ars immunization did not result in a specific elevationcostimulation (Goodnow et al., 1995) or by T helper 1
of serum anti-DNA or dual-reactive antibodies in A.Bcl-2cells expressing Fas ligand (Rathmell et al., 1995;
Rothstein et al., 1995). mice (Figure 4). Thus, despite the fact that B cell clones
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Figure 3. Relative Binding of Purified Dual-
Reactive Canonical mAbs to ssDNA and
dsDNA
Purified mAbs were used in ELISA titration
assays starting at 25 mg/ml as described in
Experimental Procedures. The antibody con-
centrations shown are in microgams per milli-
liter. The positive control mAb was 3H9, iso-
lated from a diseased MRL lpr/lpr mouse. The
negative control mAb was 116R, an unmu-
tated canonical antibody that showed no de-
tectable binding to DNA. The 36-65 mAb was
found to bind both ss and dsDNA most
strongly among a panel of 18 unmutated ca-
nonical mAbs with different single V-D and
D-J junctional amino acids (data not shown).
It should be noted that nine of the dual-reac-
tive antibodies for which data are presented
in this figure have VH junctional amino acids
represented by members of this panel (ex-
pressing amino acid combinations His-Ser,
Asn-Asn, Asn-Ser, and Asn-Tyr). The unmu-
tated versions of these antibodies bound
weakly (His-Ser, Asn-Asn) or undectably
(Asn-Ser, Asn-Tyr) to ssDNA, and none bound
to dsDNA. Therefore, it can be unambigu-
ously concluded that the increased affinity
for DNA of these dual-reactive antibodies is
due to somatic mutation. These results are
representativeof several independent experi-
ments.
expressing dual-reactive antibodies appear able to ac- tenet of this hypothesis is that the development of B
cell tolerance and memory are intimately interrelated.cess the long-lived memory cell pool of A.Bcl-2 mice
and can be easily rescued as hybridomas after boosting ªSpecificity maturationº may account for previous ob-
servations that affinity maturation does not take placewith TD cognate foreign antigen, such clones may pro-
duce little serum antibody. It has been suggested that in some responses to TD antigens, despite evidence
for strong selection of certain B cell clonotypes andAFC differentiation pathways may be subjected to peri-
pheral tolerance mechanisms distinct from those op- particular V region somatic mutations (Malipiero et al.,
1987; Newman et al., 1992; Rickert et al., 1995; Roosterative during preceding stages of peripheral B cell
development (Goodnow et al., 1995). In the case of au- et al., 1995). In addition, because our previous data
suggest that the probability that a V region will losetospecificity for DNA, Erikson et al. (1991) have found
that in mice transgenic for the 3H9 heavy chain, trans- autoreactivity, while maintaining or increasing affinity
for foreign antigen via hypermutation appears to be lowgene-expressing B cells with low affinity for DNA persist
in the peripheral B cellcompartment and can be rescued (Casson and Manser, 1995; Hande and Manser, 1998),
specificity maturation may contribute to the highly re-as hybridomas, but they do not produce serum antibody.
Further studies will be required to determine if the dual- stricted clonal nature of the memory B cell compartment
elicited to a given epitope (McKean et al., 1984; Berekreactive B cells that persist in A.Bcl-2 mice have an
intrinsic defect in their ability to secrete antibody. and Milstein, 1987; Manser et al., 1987a; Weiss and
Rajewsky, 1990; Blier and Bothwell, 1988).In total, our data suggest that during the maturation of
the B cell response, bothpositive and negative selection The results of several other independent investiga-
tions are consistent with our conclusions. Diamond andwork in concert with V region hypermutation to purge the
responding B cell population of autoreactivity. Selection colleagues generated hybridomas from BALB/c mice
immunized with phosphorylcholine (PC)-KLH using abased on affinity for foreign antigen alone could not
accomplish this task, due to the numerous ªpolyreac- version of the NS0 fusion partner constitutively express-
ing Bcl-2 (Ray et al., 1996). A high frequency of mAbstiveº antibodies present in the preimmune B cell com-
partment (Avrameas and Ternynck, 1993) and the ap- that bound both PC and DNA were obtained 10±11 days
after immunization using this fusion partner but notparently high frequency of generation of dual-reactive
antibodies via hypermutation (Casson and Manser, when a conventional NS0 fusion partner was used.
Thompson and colleagues noted that rheumatoid factor1995; Hande and Manser, 1998). These data add strong
support to the hypothesis that antibody specificity is antibodies derived from normal individuals immunized
with heterologous red blood cells differ from thosethe driving force behind the maturation of the B cell
response leading to memory development. A central characterized from patients with rheumatoid arthritis in
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express antibodies with higher affinity for mouse than
for pigeon cytochrome C. However, as this response
progresses, B cell clonotypes with higher affinity for the
foreign cytochrome C become predominant (Minnerath
et al., 1995). Although in none of these studies could
the gain or loss of autoreactivity be directly attributed
to the actionof V region hypermutation, their results never-
theless support the specificity maturation hypothesis.
Specificity maturation would result both inattenuation
of the polyreactive character of the preimmune V region
repertoire, a character that may be necessary at the
onset of the immune response to ensure that at least
partially protective antibodies are produced in a reason-
able period of time, and in the deletion of autoreactive
V regions created de novo via hypermutation during the
response. Such a pathway of ªperipheral educationº
would reduce the long-term risk of development of auto-
immune disease and increase the efficiency of recogni-




Eight- to 10-week-old A.Bcl-2 mice were initially immunized intra-
peritoneally with 100 mg of Ars-KLH in complete Freund's adjuvant.
Mice were boosted with 100 mg Ars-KLH in intraperitoneal phos-
phate-buffered saline at least 1 month after primary immunization,
and some mice rested at least an additional month and thenboosted
as for secondary responses. Mice were killed at various times during
the primary response and 3 days after secondary or tertiary immuni-
zation, and their spleens were used to generate hybridomas as
already described (Manser, 1989), using the Sp2/0 fusion partner.
The supernatants from these hybridomas were screened for E4
reactivity using an ELISA. E41 hybridomas were rescreened forFigure 4. Binding Activities of Antibodies in Secondary Anti-Ars
ssDNA and dsDNA binding also by ELISA. Hybridomas producingSera from A.Bcl-2 Mice and Control Littermates
mAbs that bound E4 and DNA were subcloned by limiting dilution.
(A) Results of IgG anti-Ars and anti-ssDNA and dsDNA ELISA assays
on pooled secondary (13 days after boost) anti-Ars sera from seven
Reverse Transcriptase-PCR and Nucleotide SequencingA.Bcl-2 mice and four control littermates. None of the titration curves
Total RNA was made from hybridomas as already describedobtained differed significantly between the two groups of sera. Anal-
(Manser, 1989). RNA was subjected to reverse transcriptase-PCRysis of primary sera obtained 21 days after immunization yielded
using primers complementary to the appropriate CH1 exon and theanalogous results, although all antibody levels were lower. Analysis
VH leader region of the VHIdCR gene. The expressed Vk gene wasof tertiary sera obtained 7 days after boosting (two 1 month rest
amplified using primers complementary to the Ck exon and theperiods) revealed that serum anti-Ars, anti-ssDNA, and anti-dsDNA
leader exon of the canonical Vk10 gene. The products of reversetiters were significantly different and 2- to 3- fold higher in A.Bcl-2
transcriptase-PCR were then purified from agarose gels using themice as compared to control littermates, but so too was total serum
Qiagen kit (Qiagen, Chatsworth, CA) and were sequenced using theIgG antibody.
ªfmolº sequencing kit (Promega Biotech Corp, Madison, WI).(B) Results of total IgG anti-ssDNA ELISA assays obtained from the
pooled and E4 affinity-purified sera of four A.Bcl-2 mice and five
control littermates. Sera was obtained 8 days after secondary immu- Purification of Antibodies, mAb Binding Assays,
nization (1 month rest period after primary immunization). The levels and Determination of mAb Affinity
of Ars-binding and E41 antibody in the two purified preparations E4, Ars, and DNA reactivities were measured by solid-phase ELISA
were assayed and found to be indistinguishable. Sufficient E41 anti- as described before (Casson and Manser, 1995). Salmon sperm
body could not be obtained from primary sera to perform this analy- DNA (Sigma Chemical Diagnostics, St. Louis, MO) used in the DNA-
sis. In addition, the levels of E41 antibody recovered from secondary binding assay was purified by phenol and chloroform extraction.
sera did not allow the assay to be run in triplicate. However, an Heat-denatured DNA was prepared by boiling DNA for 10 min and
independent E4 affinity purification and ELISA assay yielded results quenching on ice. Native DNA was prepared by treating soluble
analogous to those shown (i.e., no apparent difference in DNA bind- DNA with 1 U of S1 nuclease (Promega, Madison WI) per microgram
ing activity between A.Bcl-2 and control littermate E41 serum anti- of DNA for 5 min at 378C followed by phenol chloroform extraction
bodies). and ethanol precipitation. The isotypes of dual-reactive antibodies
were determined by ELISA using an isotyping kit (American Qiagen,
San Clemente, CA).mAbs were purified from supernatants of hybrid-
omas using protein G column chromatography (Pharmacia Biotech,displaying low affinities for self Ig and a lower than ex-
Uppsala, Sweden) according to the manufacturers instructions. Thepected frequency of somatic mutations in CDR regions
affinities of purified antibodies for Ars were determined by fluores-resulting in amino acid replacementsÐindicative of se-
cence quenching using Ars-N-acetyl-L-tyrosine as described beforelection against such mutations (Borrentzen et al., 1994).
(Manser, 1989). Ars affinities were calculated using a curve fitting
Jemmerson and colleagues observed that the TD B cell program provided by Jackie Sharon (Boston University School of
response of BALB/c mice to pigeon cytochrome C initi- Medicine, Boston) as described (Rothstein and Gefter, 1983). Serum
E41 antibodies were purified on E4-Sepharose 4B columns andates as a heteroclitic response in which most B cells
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subjected to E4, Ars, and anti-DNA ELISA assays as described the hapten NP in C57Bl/6 mice: insights into the structure of the
B-cell repertoire. Immunol. Rev. 105, 27±43.above.
Borrentzen, M., Randen, I., Zdarsky, E., Forre, O., Natvig, J.B., and
Immunohistochemistry Thompson, K.M. (1994). Control of autoantibody affinity by selection
Spleens were removed at various time points after Ars-KLH primary against amino acid replacements in the complemetarity determining
immunization and flash frozen and sectioned as previously de- regions. Proc. Natl. Acad. Sci. USA 91, 12917±12921.
scribed (Jacob et al., 1991). Frozen sections were thawed and rehy- Burnet, F.M. (1957). A modification of Jerne's theory of antibody
drated in Tris-buffered saline (TBS) for 20 min. Endogenous peroxi- production using the concept of clonal selection. Aust. J. Sci. 20,
dase activity was blocked by immersing sections in 0.3% v/v 67±69.
aqueous H2O2 solution. Sections were washed in TBS, blocked with Casson, L., and Manser, T. (1995). Random mutagenesis of two
5% bovine serum albumin and .05% Tween-20 in TBS, and incu-
CDR amino acids yields an unexpectedly high frequency of antibod-
bated with biotinylated anti-idiotypic antibody. To determine Bcl-2
ies with increase affinity for both cognate antigen and autoantigen.
transgene expression, sections were incubated with a mouse anti-
J. Exp. Med. 182, 743±750.
human Bcl-2 antibody (Genosys Biotechnologies, The Woodlands,
Chen, C., Nagy, Z., Radic, M.Z., Hardy, R.R., Huszar, D., Camper,TX), which was then detected with biotinylated goat F(ab9)2 anti-
S.A., and Weigert, M.G. (1995). The site and stage of anti-DNA B-cellmouse IgG (Southern Biotechnology Associates, Birmingham, AL).
deletion. Nature 373, 252±255.All of the slides were incubated with the antibodies for 1 hr. The
Diamond, B., Katz, J.B., Paul, E., Aranow, C., Lustgarten, D., andslides were washed in TBS±bovine serum albumin and then incu-
Scharff, M.D. (1992). The role of somatic mutation in the pathogenicbated with Streptavidin±alkaline phosphatase (Southern Biotech-
anti-DNA response. Annu. Rev. Immunol. 10, 731±757.nology Associates, Birmingham, AL) for 1 hr. Germinal centers were
identified with peanut agglutinin coupled to horseradish peroxidase Eilat, D., and Anderson, W.F. (1994). Structure-function correlates
(HRP) (E-Y Laboratories, San Mateo, CA). Bound alkaline phospha- of autoantibodies to nucleic acids: lessons from immunochemical,
tase and HRP activities were visualized using Napthol AS-MX/Fast genetic and structural studies. Mol. Immunol. 27, 203±210.
Blue BB and 3-aminoethylcarbazole, respectively. To visualize Erikson, J., Radic, M.Z., Camper, S.A., Hardy, R.R., Carmack, C.,
apoptotic nuclei in GCs in frozen spleen sections the Apoptag kit and Weigert, M. (1991). Expression of anti-DNA immunoglobulin
from Oncor (Bethesda, MD) was used as per the manufacturer's transgenes in non-autoimmune mice. Nature 349, 331±334.
instructions before staining GCs with biotinylated peanut agglutinin.
Goodnow, C.C., Cyster, J.G., Hartley, S.B., Bell, S.E., Cooke, M.P.,
Healy, J.I., Akkaraju, S., Rathmell, J.C., Pogue, S.L., and Shokat,
Microdissection of GCs, DNA Amplification, K.P. (1995). Self-tolerance checkpoints in B lymphocyte develop-
and DNA Sequencing ment. Adv. Immunol. 59, 279±355.
Idiotype positive GCs were microdissected from stained spleen sec-
Grabar, P. (1983). Autoantibodies and the physiological role of im-tions using a micromanipulator (Carl Zeiss, Germany) controlled
munoglobulins. Immunol. Today 4, 337±340.pipette as described previously (Jacob et al., 1993). In brief, 50±100
Han, S., Zheng, B., Dal Porto, J.,and Kelsoe, G. (1995). In situ studiescells were scraped and placed into 15 ml of H2O and 5 ml of phos-
of the primary immune response to (4-hydroxy-3-nitrophenyl)acetyl:phate-buffered saline. To this mixture 5 ml of 2 mg/ml Proteinase
IV. affinity dependent, antigen-driven B cell apoptosis in germinalK (Fisher Biot ch., Malvern, PA) was added and the mixture was
centers as a mechanism for maintaining self-tolerance. J. Exp. Med.incubated at 378C overnight. The following day, Proteinase K was
182, 1635±1644.inactivated by heating at 958C for 20 min. The lysate was then
subjected to two rounds of PCR amplification containing 40 repeti- Hande, S., and Manser, T. (1998). Single amino acid substitutions
tive cycles (958C for 1 min, 568C for 30 s, and 728C for 3 min). in Vh CDR2 are sufficient to generate or enhance the specificity of
The PCR was performed using Taq DNA polymerase (Perkin Elmer, two forms of an anti-arsonate antibody variable region for DNA. Mol.
Foster City, CA) according to the manufacturer's instructions and Immunol., in press.
using two nested sets of primers that hybridize to a region flanking Jacob, J., Kassir, R., and Kelsoe, G. (1991). In situ studies of the
the 59 side of the canonical VH gene promoter and to a region be- primary immune response to (4-hydroxy-3-nitrophenyl)acetyl: I: the
tween the JH3 and JH4 gene segments. The amplified products were architecture and dynamics of responding cell populations. J. Exp.
gel-purified, digested, and cloned into EcoRI-HindIII linearized Med. 173, 1165±1175.
pBluescript vector (Stratagene, La Jolla, CA). The cloned fragments
Jacob, J., Przylepa, J., Miller, C., and Kelsoe, G. (1993). In situwere sequenced using the Sequenase II kit (United States Biochemi-
studies of the primary immune respone to (4-hydroxy-3-nitrophenyl)cals, Cleveland, OH) and the internal primers.
acetyl: III. the kinetics of V-region mutation and selection in germinal
center B-cells. J. Exp. Med. 178, 1293±1307.
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